I. INTRODUCTION
The conductivity of low dimensional systems does not display ordinary metallic properties, [1] [2] [3] and scaling theories of localization have been applied in the analysis of twodimensional ͑2D͒ transport. There are two typical 2D electronic systems: ultrathin metallic films with disorder potential, and the near-surface inversion layers of semiconductors. 4 An ultrathin metallic film can be a well defined quasi-2D system, which shows characteristic magnetoresistance ͑MR͒ and logarithmic temperature dependence of the resistivity. Several measurements have been performed on continuous pure films like Cu, [5] [6] [7] Pt, 8 Au, 7, 9 Ag, 7, 10 Pd, 11 and indium oxidized. 12 The results are in agreement with scaling theory, even though in some cases the increase of resistivity at low temperature is slower than that predicted. 5 Negative magnetoresistance ͑NMR͒ has been predicted by the weak localization theory in 2D systems, 13, 14 indicating that the localization effect could be destroyed when a magnetic field perpendicular to the film plane is applied. Previous experiments on metallic films [5] [6] [7] [8] [9] [10] [11] have shown NMR in a perpendicular field due to the suppression of weak localization. It is known that the low dimension effects become significant when the thickness of a sample is less than the Thouless length L T ϭ(2l el l in ) 1/2 , where l el and l in are the elastic and inelastic scattering lengths, respectively. When the Landau orbital size (បc/eH) 1/2 becomes close to L T , the localization effect can be suppressed by applying a perpendicular magnetic field. The threshold field is given as
and the change in conductance is given by
͑2͒
where is the digamma function, and H is the perpendicular field. In the case of heavy metals which have strong spinorbit scattering, e.g., in Au-Cu films, 5, 7, 15 the MR may change sign, and this will be discussed later. Scaling theory suggests that there is no NMR in a strict 2D system when the field is applied parallel to the film. In 1984, Altshuler and Aronov 16 predicted that, due to the finite thickness of a thin film, there is negative magnetoresistance in the parallel field (NMR ʈ ). The magnetoresistance in a parallel field is given by
͑3͒
where t is the film thickness, and L H ϭ(បc/eH) 1/2 is the Landau orbit size. One sees that NMR ʈ will become zero when thickness tϭ0. Equation ͑3͒ can be understood by considering this is an orbital effect and NMR ʈ does not vanish until the film thickness is equal to zero. No significant parallel field NMR ʈ has been observed in previous experiments on homogeneous metallic films. According to Ref. 11, this is because of the following:
where one can see the NMR ʈ is generally very small for ultrathin films. For the parallel field, the characteristic field strength is much stronger 16 than field applied perpendicular to the film plane,
The localization effect of highly inhomogeneous 2D systems of island-like films has not been extensively studied. There is very strong disorder in these systems and reduced a͒ Also at: Jiaotong University, Shanghai 200030, China. b͒ Author to whom correspondence should be addressed; electronic mail: jtang@uno.edu conductance between islands. In addition, an island size effect may exist. Bergmann 7 pointed out that weak localization may still exist in these systems. Here we report the observation of weak localization and unique MR effects in islandlike ultrathin Cu films. NMR has been observed in both perpendicular (H Ќ ) and parallel (H ʈ ) magnetic fields. We have found ͑1͒ significant NMR Ќ at perpendicular fields which follows ln H in the high field; ͑2͒ NMR ʈ which is close to the prediction given by Ref. 16 ; ͑3͒ positive MR ͑PMR͒ at low fields and a transition of the MR from positive to negative with an increase in field, pronounced in the case of parallel fields. An explanation of these MR properties will be given later by taking into account the weak localization and the influence of spin-orbit scattering. Compared to homogeneous films, it is suggested that the Thouless length and electron orbit size are affected by the geometry of the island-like structure.
II. EXPERIMENTAL RESULTS
Cu films were prepared by vacuum magneton sputtering deposition of pure Cu in an Ar atmosphere with pressure of ϳ3 mTorr onto a silicon wafer at room temperature. The background vacuum was ϳ10 Ϫ6 Torr. The sputtering rate was 2Å/s and the average sample thickness was 50 Å. Transmission electronic microscopy ͑TEM͒ was used to examine the morphology of the samples. Figure 1 shows the islandlike structure of Cu film which is neither continuous film nor totally isolated dots. The formation of this kind of film could be related to the Stranski-Krastanov mechanism. 8, 17 The average island size is about 15-20 nm. Four-terminal dc resistivity measurements were performed using a Quantum Design physical properties measurement system ͑PPMS͒. The magnetotransport properties were also measured in a magnetic field from Ϫ9 to 9 T, which was applied both perpendicular and parallel to the film. In the case of the parallel field, it was perpendicular to the direction of the current. Figure 2 and the inset give the temperature dependence of the sample resistance per square. It increases with a decrease in temperature. The logarithmic dependence on the temperature is observed over TϽ30 K, which is in agreement with localization theory. MR in both the perpendicular and parallel magnetic fields was measured. Figures 3͑a͒ and  3͑b͒ show the resistance per square R ᮀ vs H Ќ and H ʈ , respectively. In the perpendicular field the sample shows NMR when H Ќ Ͼ0.25 T. In low fields (H Ќ Ͻ0.25 T), there is very small PMR as seen in the Fig. 3͑a͒ inset. When the magnetic field is parallel to the film plane, the resistivity shows a abnormally large PMR when H ʈ Ͻ2.5 T, changes to NMR when H ʈ Ͼ2.5 T, and then monotonously decreases with an increase in H ʈ . 
III. DISCUSSION
In the following we discuss the MR observed in our experiments based on the weak localization effect and spinorbit scattering, and take into account the geometry effect of the island-like structure.
͑i͒
The NMR Ќ of the island-like Cu films exhibits a well characterized weak localization effect. One can fit the MR data as a function of the field H Ќ according to Eq. ͑2͒ quite well. The experimental data and theoretical fit are both shown in Fig. 4 . When H is significantly greater than H c Ќ , the NMR becomes linearly dependent on ln H, which is typical of weak localization. It is also found that the value of l el l in is of the order of 10 4 A 2 , in contrast to the typical l el l in values (Ͼ10 6 A 2 ) obtained from continuous 2D metallic films. 5, 7, 11, 12 The Thouless length L T of our films is smaller than that of the continuous films. This implies the average elastic scattering length l el ͑and even l in ) is reduced by the geometry of the island-like structure of our Cu films due to strong scattering at the island boundary. ͑ii͒
The NMR ʈ observed in our experiments provides strong evidence of the NMR predicted in Ref. 16 and expressed in Eq. ͑3͒. At 9 T, NMR ʈ is as large as one fourth of NMR Ќ . We believe the large NMR ʈ is due to the island-like structure since it has not been previously observed in homogeneous Cu films. [5] [6] [7] As mentioned in ͑i͒, the Thouless length L T and effective Landau orbit size L H can be statistically reduced by the island-like structure. Since the ratio of ⌬ ʈ /⌬ Ќ is determined by 2t 2 /L T 2 ͓Eq. ͑4͔͒, a reduction in L T 2 leads to a somewhat increased ⌬ ʈ . This provides a good explanation as to why the NMR ʈ was observed in our samples but not in previous experiments on homogeneous Cu films. That island-like geometry leads to relatively large NMR ʈ is also consistent with the experimental results of Komori et al., 15 which have shown large NMR ʈ in highly inhomogeneous Cu-Cu oxide mixed films although the mechanism was not explicitly given. ͑iii͒ The PMR at low field which is found in both perpendicular (PMR Ќ ) and parallel fields (PMR ʈ ) is mainly due to the influence of spin-orbit scattering. PMR in 2D electron systems is usually explained by spinorbit scattering, 7,11,18 -21 which changes the sign of localization MR at low field for both H Ќ and H ʈ . In our experiment the PMR Ќ is relatively small, while the PMR ʈ is extraordinarily large.
At same time, the maximum PMR occurs at a much higher parallel field than perpendicular field. If one considers this maximum field as the characteristic field strength, our result is consistent with Eqs. ͑1͒ and ͑5͒. The field applied becomes effective in suppressing the weak localization at a much higher field for H ʈ than for H Ќ , 16 which allows the NMR ʈ to increase to the measured value. It should be pointed out that the difference in MR peak field between parallel and perpendicular orientations is not due to the anisotropy of spin-orbit scattering. Rather, it is due to the difference in characteristic field strength of the suppression of the weak localization, expressed in Eqs. ͑1͒ and ͑5͒. The demagnetization effect cannot be a major contributing factor for the difference mentioned either. As a matter of fact, if the demagnetizing field were to play a role, the perpendicular orientation would exhibit a MR peak at a field higher than the parallel orientation because of the demagnetizing field associated with perpendicular orientation. To the contrary, the MR peak occurs at a parallel field 10 times greater than the perpendicular field. Additional mechanisms such as many electron interaction effects, magnetic impurity scattering and the Zeeman effect may be important in determining the NMR ʈ in our films. The fact that the PMR Ќ observed is much smaller than NMR ʈ could also be partially due to the much stronger contribution of NMR in the case of the perpendicular field, especially in low field range.
IV. CONCLUSIONS
We have observed NMR and PMR due to the weak localization effect of a 2D electron system in island-like Cu thin films. The films show significant NMR in both the perpendicular and parallel fields, as well as PMR over a low field range. The NMR in the parallel field provides strong evidence for Altschuler and Aronov's theoretical prediction, and the NMR in the perpendicular field is consistent with weak localization theory. The PMR in the low field is mainly related to spin-orbit scattering, and the relative values of PMR can be qualitatively explained. This work also shows that the geometry of the thin films may significantly affect scaling of the electron localization and interactions, and that the island-like metallic films show some unique magnetotransport properties.
